In the process of protein synthesis, the small (40S) subunit of the eukaryotic ribosome is recruited to the capped 5 end of the mRNA, from which point it scans along the 5 untranslated region in search of a start codon. However, the 40S subunit alone is not capable of functional association with cellular mRNA species; it has to be prepared for the recruitment and scanning steps by interactions with a group of eukaryotic initiation factors (eIFs). In budding yeast, an important subset of these factors (1, 2, 3, and 5) can form a multifactor complex (MFC). Here, we describe cryo-EM reconstructions of the 40S subunit, of the MFC, and of 40S complexes with MFC factors plus eIF1A. These studies reveal the positioning of the core MFC on the 40S subunit, and show how eIF-binding induces mobility in the head and platform and reconfigures the head-platform-body relationship. This is expected to increase the accessibility of the mRNA channel, thus enabling the 40S subunit to convert to a recruitment-competent state.
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posttranscriptional gene expression ͉ protein synthesis ͉ ribosome structure E lucidation of the mechanisms underlying ribosome function and protein synthesis remains one of the major challenges of molecular biology. Recent progress in structural analysis of bacterial ribosomes has provided insight into the likely modes of action of core functional centers, including those for decoding and peptidyl transferase, and the tRNA-binding sites (1) . Analogous core structural features are clearly shared by the eukaryotic counterpart, but there is much less structural and mechanistic information available that is specific to the eukaryotic ribosome. This limits our understanding of the process of translation initiation, the step where major differences between the prokaryotic and eukaryotic systems are evident (2) .
The small ribosomal subunit in both prokaryotes (30S) and eukaryotes (40S) is responsible for controlling base pairing between the tRNA anticodon and each mRNA codon during protein synthesis. However, unlike its prokaryotic (30S) counterpart, the eukaryotic 40S subunit does not locate directly to the position of the mRNA AUG codon where protein synthesis begins. Instead, recruitment onto cellular mRNAs generally occurs via the capped 5Ј end. Because the AUG start codon can be located many hundreds of nucleotides downstream, the 40S subunit then has to translocate to reach the initiation site (3) [see supporting information (SI) Fig. 5] . During this processive, sequence-independent scanning phase, the 40S subunit manifests some characteristics that appear to be similar to those of a molecular motor (2, 4) .
The eukaryotic 40S subunit alone is incapable of stable recruitment onto the capped 5Ј ends of cellular mRNA molecules. Its role in translation initiation depends on a large number of eukaryotic initiation factors [the eIFs (5) ]. According to the current classification, 11 distinct eIFs (including eIF2B, a guanine nucleotide exchange factor) are involved in (steady-state) translation initiation. There has been considerable progress in recent years in understanding the functions of the individual eIFs, although much remains to be learned about their contributions to the mechanism and control of the initiation pathway in vivo. Binding of the ternary complex (comprising Met-tRNA i Met , eIF2, and GTP) to the 40S subunit is stabilized by eIF1A and eIF3 (6) . Because eIF3 can bind to both eIF2 and the 4G component of the cap-binding complex eIF4F, it promotes recruitment of mRNA to 40S (5) . Genetic experiments in yeast have indicated that eIF1, eIF2, and eIF5 influence start codon selection (7), whereas in vitro biochemical experiments have shown that eIF1 and eIF1A play roles in scanning and formation of the 48S complex, which comprises 40S, the eIFs, and mRNA (8, 9) . A growing body of evidence indicates that, at least in budding yeast, eIF1, eIF2, eIF3, and eIF5 may bind to the 40S subunit as a preformed multifactor complex (MFC) (10) . Thus the MFC components, together with eIF1A, play a key role in 40S-mRNA recruitment, scanning of the 5Ј untranslated region, and start codon recognition (6, 10-12) (see SI Fig. 5) .
In this article, we address the question how the ribosomal 40S subunit becomes rendered competent for translation initiation as the result of association with the eIFs. We have applied cryoelectron microscopy to this problem, with the intent of gaining insight into any changes in 40S conformation that might explain its conversion to an initiation-competent state. The results indicate that eIF-dependent reconfiguration of the 40S subunit domains facilitates efficient access of cellular mRNAs to the mRNA channel, thus promoting the process of translation initiation.
Results
To perform the structural analyses described in this article, we generated highly purified preparations of 40S subunits and of eIFs (Fig. 1A) . These components were used to prepare 40S-eIF preinitiation complexes (see Fig. 1 B-D and Table 1 ). Like 40S subunits, the 40S-MFC complex (hereafter referred to as the 43S complex) ran as a single peak during analytical ultracentrifugation (Fig. 1C) , consistent with low heterogeneity in the preparation. The cryo-EM reconstruction of the yeast 40S subunit at 19-Å resolution ( Fig. 2A, SI Fig. 6 , and Table 1 ; see Materials and Methods for definition of resolution) shows good agreement with the small subunit within the previously published map of the yeast 80S ribosome filtered to a comparable resolution (14) (SI Fig. 6 ) and with the atomic model of the yeast subunit generated by Frank and colleagues (13) (Fig. 2 A and B and SI Fig. 6 ). Modest changes in the relative arrangement of the head, body, and platform are however apparent (Fig. 2 A and B) , as expected when comparing the small subunit with the 80S ribosome (14) . Of the four connections between the head, platform, and body domains of the subunit (Fig. 2B) , the strongest is between the head and the platform/body junction just above rpS0A and close to the fitted position of RNA helices 1/2 and 28. The latter form the covalent head/body link. The noncovalent links observed include the interaction between RNA helices 18 and 34 and a weaker interaction between rpS5 and rpS14, which form the mRNA exit channel. The most obvious difference in the arrangement of the head, body, and platform in the isolated subunit compared with the subunit within the 80S ribosome is a raising of the head (by Ϸ10 Å) above the body/platform, resting on the noncovalent interactions just discussed (SI Fig. 6B ). Fig. 2C shows the 40S reconstruction with its head and platform/body surfaces rendered in different colors to assist in the interpretation of the data described below.
A reconstruction (14-Å resolution; see SI Materials and Methods and Table 1 ) was also obtained for the complex of eIF2, eIF3, and eIF5 (Fig. 2D) , which is equivalent to the MFC lacking eIF1. This MFC subcomplex was chosen because we observed that eIF1 (by far the smallest component of the MFC) was substoichiometric in our standard MFC preparations, as was previously noted for MFC complexes isolated directly from yeast extracts (10) (Fig. 1 A) . The reconstruction (Fig. 2D ) confirms that these eIFs form a stable core complex, which comprises two ellipsoidal lobes of density oriented perpendicularly to one another and assists in our interpretation of the 43S reconstruction.
A number of analytical methods were used to follow the assembly of complexes of 40S with different combinations of eIFs. One approach was to include [ 35 S]methionyl-tRNA i, so that complex formation could be followed via native-gel electrophoresis (16) (Fig. 1D ). For example, in the presence of eIF1, eIF1A, [ 35 S]MettRNA i .eIF2.GMP-PNP and eIF5, the addition of eIF3 led to formation of a band with shifted mobility corresponding to the 43S complex (see left-hand side of Fig. 1D ). eIF3 is by far the largest single component of the MFC and in mammals has been shown to stabilize the 40S.Met-tRNA i Met .eIF2.GTP complex (5) . Here, we see that eIF1:eIF1A: [ 35 S]Met-tRNA i .eIF2.GMP-PNP:eIF5, as well as the complex of these eIFs together with eIF3, are both stable. In further experiments, we investigated whether the 43S complex was competent to build the 80S complex by adding eIF5B and the 60S subunit. Previous work has shown that the addition of an excess of GMP-PNP can stabilize 80S formation, most likely by inhibiting the release of eIF5B that is normally triggered by GTP hydrolysis (17) ; likewise, we observed conversion of the 43S complex into 80S (Fig.  1D , right-hand side).
We also investigated the functionality of the 43S complex formed by mixing the components shown in Fig. 1 A. To do this, we substituted GTP for GMP-PNP in the 43S complex, added the remaining components required for assembly of the 80S complex, i.e., eIF5B and 60S, and tested the assembled complex for its ability to catalyze methionyl-puromycin formation ( Fig. 1 E and F) . The results show that the addition of 60S and eIF5B allowed us to ''chase'' the 43S complex into an active 80S complex, thus confirming that the components used in this study are functional. Although there are no established ''benchmark'' figures for specific methionyl-puromycin synthesis rates catalyzed by such a complex from yeast, this is a widely used indicator of functionality.
The cryo-EM reconstruction of the 43S complex, at 20-Å resolution, indicates that major conformational changes occur in the 40S subunit on binding of the MFC (Fig. 3A) . Multiple and entirely independent reconstructions of the 43S complex yielded very similar maps in which one region of the structure (identifiable as the subunit head) was not joined by discernible density to the rest of the structure. Because the single covalent link formed by helices 1/2 and 28 between the head and the body cannot break, this apparent detachment presumably derives from mobility in the head, such that its link to the body is averaged out, and its form is smeared. To investigate whether there were discrete subpopulations with better defined structures, we subclassified the 43S images (see SI Materials and Methods) and were able to obtain three separate lowerresolution reconstructions (30 Å) in which the interactions between the head and the rest of the structure were observable. These reconstructions (subclasses I-III, Fig. 3 B-D) contain images in which the very distinctive shape of the head is easily discernible. Subclass I derives from 6,864 of 31,756 images in the whole data set, subclass II from 8,269 of 31,756 images, and subclass III from 9,467 of 31,756 images; these three subclasses therefore account for 77% of the data. In three of the four reconstructions shown in Fig. 3 , the structures of the body and platform are well defined and consistent; however, in subclass III, the head is particularly well ordered at the expense of some blurring of the body and platform.
We tested our classification by looking, for some typical views of each of the three subclasses, at averages of the contributing projections and also the variances within the averages (SI Fig. 7) . The clear features in the averages, together with the low level of variance, show that the subclasses shown in Fig. 3 are genuine; the quality of these data seems equivalent to those found in other similar analyses (see, e.g., ref. 18). The relatively low resolution of the subclass reconstructions suggests that there is residual variability within them but markedly less than in the data set as a whole (SI Fig. 7D) . We also performed a 3D variance and covariance analysis, using the recently developed methodology of Penczek and colleagues (18) (19) (20) (see SI Materials and Methods, Fig. 3, and SI Fig.  8 ). This indicated that the maximum variance in the reconstruction of the whole data set was associated with the head region and the join between the body and platform regions (SI Fig. 8 A and B) and that the variance was reduced by subclassification (SI Fig. 8 C-E) . Subclass III exhibited significantly more variance than subclasses I and II, which may derive from its consisting of more particles and/or from preferential alignment of the head at the expense of the rest of the structure. The features of the covariance (correlation) maps for significant variance peaks indicated that the high variance features have only local correlations. These results indicate that the head occupies a broad continuum of positions, which we have sampled by subclassification (Fig. 3E) . The majority of the particles (represented by subclasses I and II) show a rotation within an arc of Ϸ25°that includes the locked conformation observed in the isolated 40S subunit, but a minority (Ϸ9,500; subclass III) display rotation of up to 45°. The rotation observed is about the same axis as (although of greater magnitude than) that for the recently discovered movement within prokaryotic ribosomes (15) .
Careful analysis of the reconstruction of the 43S complex shown in Fig. 3A reveals further details about the interaction of the small subunit and MFC. The body and platform can be identified by their positions and characteristic shapes. The body has a similar conformation to that found in the isolated 40S, but aligning the head, body, and platform density of the 40S to that of the 43S does not account for all of the 43S density (SI Fig. 9B ). By elimination, this density comprises the bound MFC. The volumes of the regions of density identified with the head, body, platform, and MFC in the 43S complex account well for their known masses and display high correlation coefficients and low R factors when fitted to equivalent portions of the isolated subunit reconstruction or to the reconstruction of the MFC alone (see Table 1 and SI Materials and Methods). In Fig. 4A , we show the body, platform, and MFC regions of the 43S reconstruction, colored as in Fig. 2 C and D . We also show a superposition of the MFC density from the 43S reconstruction and the isolated MFC structure (Fig. 4B) . Their shapes are very similar, allowing for the loss of eIF5, the incorporation of eIF1 and eIF1A, the difference in resolution of the two maps (see SI Materials and Methods), and changes consequent on binding the small subunit. The MFC lies between the body and platform, extending . On the right (upper thumbnail) is the atomic structure of the head of the ribosome from the T. thermophilus crystal structure (21) (red) superimposed with reference to its body on that of the E. coli crystal structure (15) to demonstrate crystallographic evidence for the modes of head movement observed between the 40S and 43S structures. The lower three thumbnails show the 40S head aligned on its body to the 43S for each view. The thumbnails are 50% the size of the main images. from the front to the back of the subunit (Fig. 4 A and B and SI Fig.  10 ) and appears to act as a wedge, opening up the mRNA channel between the head, body, and platform of the subunit and leading to subunit reorganization. In releasing the head from its stabilizing noncovalent interactions with the body and platform, the MFC has induced a rotation of the platform around toward the solvent face of the body and a spring-like movement of helix 18, which is very clearly identifiable in the body density ( Fig. 4B and SI Fig. 10 , where a stereoview is provided). However, it is likely that the conformational change involving the platform-body interface cannot be modeled in a simplistic fashion because it results from cumulative effects of many small changes (see below).
The underlying connectivity of the subunit domains is consonant with the proposed conformational changes (13) (SI Fig. 11C) . In SI Fig. 11 , we show the interactions among the four small subunit domains of the Thermus thermophilus 30S subunit (1,21; PDB ID Code 1FJF). The backbones of these domains, on the basis of which we have colored both the 30S atomic structure and the yeast model used in Figs. 2 and 4 , all converge at the physical join of head, body, platform, and helix 44 in the small subunit (SI Fig. 11 ). The platform therefore has a single covalent link to the body, with the rRNA passing from body to platform at nucleotide Ϸ537 and returning from platform to body at nucleotide Ϸ860, with the regions containing nucleotides 537 and 860 being close in space (SI Fig. 11 ). The platform otherwise engages in a clasping interaction with the body, with helix 21 wrapped around onto the solvent face of the small subunit. Given the conformational changes already observed for the 30S, it is entirely conceivable that this clasping could be loose, permitting rotation in the platform-body region.
In SI Fig. 12 , we show how the underlying architecture of the density in our reconstruction of the 43S matches the underlying rRNA structure as defined crystallographically and in SI Fig. 11 . A high-density tube connects the body and platform regions of the small subunit within the 43S complex, and, with helix 18 aligned to its visible density (Fig. 4B ), the yeast model of the subunit rRNA aligns such that the covalent connection between the central (platform) and 5Ј (body) domains align with this tube. Thus, the density distribution in our 43S reconstruction matches the crystallographically defined rRNA structure. The conformational changes in the platform/body between the 40S and 43S structures requires much further detailed characterization at higher resolution, but in addition to the rearrangement of electrostatic bonds (e.g., those involving helix 21) may also involve morphing of the platform/body structure as a whole. Such morphing is a well documented aspect of ribosome structure/function (1, 15, 22) . In support of this, we performed an analysis of the solvent content of the small subunit, using a crystal structure of the prokaryotic 30S subunit (21) , and following the work of Voss and coworkers who showed the large subunit to be riddled with solvent channels in a manner reminiscent of a sponge (23) . Using this approach, we showed the presence of a number of large solvent cavities and channels within the subunit that would allow conformational changes by solvent extrusion and that the solvent content of the small subunit is similar to that of the large (SI Fig. 13) . Interestingly, the regions that are most implicated in conformational rearrangements by our study contain the most extensive regions of solvent. Thus, the rearrangements could very likely be achieved without the breakage of a large number of (noncovalent) bonds but by flexing around solvent voids. Such remodeling is a known factor in ribosome function, e.g., the gating of the mRNA exit channel (24) and the movement of the L7/L12 stalk (25) .
Discussion
Comparison of our results with previous studies is informative. An earlier 48-Å reconstruction of a negatively stained eIF3-containing complex of 40S obtained from rabbit reticulocyte lysate (26) concluded that eIF3 is located on the solvent face in a similar position to that identified here and that, in the absence of the other MFC eIFs, it causes no more than a modest conformational rearrangement of the rabbit 40S subunit. This conclusion is consistent with the findings reported here, because we observe that the whole MFC, including the other eIFs, is responsible for opening up the head/body/platform junction. A more recent study (27) reported reconstructions of human eIF3 both in isolation and in complex with the hepatitis C virus internal ribosome entry site (IRES). The eIF3-IRES structure was then docked in silico onto a previously determined structure of a mammalian ribosome in complex with the IRES alone, and this fit was compared with a negative stain study of the 40S-complex. The results are consistent with our data in that they correspond to a different (most likely later) stage in the initiation pathway at which the conformational changes associated with recruitment have been completed (indeed, the yeast 40S subunit is incapable of mRNA recruitment in the presence of eIF3 alone).
Unfortunately this earlier work on the mammalian eIF3 is at too low a resolution to allow a detailed structural comparison with our results showing the yeast eIF3 in the context of the MFC. For the same reason, it is also not possible for us to compare our MFC reconstruction meaningfully with the isolated human eIF3; in addition, human eIF3 is more than twice the mass of the eIF3 of budding yeast; 807 kDa compared with 362 kDa. Similarly, because IRES elements bypass the scanning stage in initiation [and indeed IRES-mediated translation initiation requires only a subset, or none, of the eIFs involved in cap-dependent initiation (27) (28) (29) ], the study of 80S human ribosomes bound with the cricket paralysis virus (CrPV) IRES by cryo-EM (28) generated a reconstruction that is likely to be equivalent to a state of the 40S subunit normally achieved downstream of mRNA insertion into the channel. Even more pointedly, the ribosome/CrPV IRES interaction involved an 80S ribosome because of the so-far unique characteristics of the CrPV IRES (28) . Overall, the previous studies of 40S-IRES interactions (28, 29) suggest that there are at least two different sets of interactions that can clamp the 5Ј end of an IRES to the 40S subunit. There may therefore be distinct structural strategies for binding each type of IRES in the correct position. Moreover, these earlier reconstructions do not indicate how the 40S subunit solves the topological problem of inserting the mRNA into the ribosome channel, most likely because they represent a step in the IRESmRNA recruitment process that occurs after loading into the mRNA channel.
Our work suggests that, for capped message, the topological problem of mRNA loading is solved in a general way by major conformational changes that have a significant impact on the relationship between the head and body of the 40S subunit (Fig.  4C) . This rearrangement will necessarily remodel the channel through the 40S subunit identified as the conduit for mRNA (13, 29, 30) . In the isolated 40S subunit, this channel is relatively narrow, such that it is hard to envisage diffusion processes threading a 5Ј capped mRNA through it, and there is no effective binding mechanism to facilitate vectorial, 5Ј-specific entrance of the mRNA into it (compare Figs. 2 A, 3 B-D, and 4B) , consistent with the 40S subunit not being recruited on to the 5Ј end of capped mRNA in the absence of the eIFs. In this article, we have not characterized directly the (in vivo) functional consequences of the conformational change but have managed to capture a structural snapshot that suggests a model in which the levering open of the noncovalent head-body-platform contacts by the MFC renders the mRNA channel accessible to introduction of the 5Ј nucleotides of the mRNA mediated by the cap-binding complex eIF4F. This conformational change is much greater that those seen in prokaryotes, where initiation does not involve the loading of mRNA associated with a large cap-binding complex through the narrow mRNA entrance channel (21) , and it seems that eukaryotes have evolved a translation machinery (eIFs and ribosome) that promotes general guided access to the channel for any capped mRNA through large conformational changes in the 40S subunit.
SPIDER (32) , or EMAN (33) . The CTF of each micrograph was determined, and the data deriving from it was corrected by phaseflipping. For all samples, reconstructions were computed ab initio by using IMAGIC (34) , with refinement in EMAN (33) and SPIDER (32) . Reconstructions were computed for both the whole data set and for three subclasses, as described in SI Materials and Methods. Variance and covariance analyses were carried out by using the methods described by Penczek and colleagues (19) . SI Fig.  14 shows the isotropic distribution of the image orientations used in the 43S reconstruction. SI Fig. 15 shows determination of the hand of the 43S reconstruction, which also serves as a validation of its correctness.
Fitting and Analysis of Atomic Structures. Atomic models were first fitted manually and then automatically by using the program URO (35) . Analysis of the solvent volume within the small subunit was carried out according to the method of Voss and colleagues (23) .
Fitting of Densities. Maps, or fragments thereof, were fitted to each other by using the program GAP (24, 36) , refining relative rotations and translations by the method of steepest descent. The target functions were real space correlation coefficients and R-factors.
